Evidence is presented that intracellular ammonium is trapped in vacuoles of maize (Zea mays L.) root tips because of rapid movement of ammonia between cytoplasm and vacuoles. The concentration of cytoplasmic ammonium is estimated to be <15 Mm at extracellular ammonium concentrations up to 1 mm. The implications for pathways of ammonium assimilation are discussed.
The concentration of NH4' in the various compartments of plant cells has a direct bearing on the pathway of NH4' assimilation, because the enzymes GDH2 and GS have very different affinities for NH4' (25) . Published estimates of the concentration of NH4+ in maize leaf mitochondria (31) , root cytoplasm (10) , and soybean nodule cytosol (7, 29) have been in the millimolar range, similar to the Km of GDH for NH4+. These results suggest that GDH could catalyze significant assimilation of NH4' in plants. However, Streeter (27) estimated the NH4+ concentration in soybean nodule cytosol to be 'essentially nil. ' The cytoplasmic NH4' concentration may also be important with respect to pH gradients between intracellular compartments; millimolar concentrations of NH4' can collapse transmembrane pH gradients in vitro (3) . Solutions of NH3 have been shown to rapidly and dramatically increase intracellular pH (15, 21) . Biomembranes are highly permeable to NH3 (6) . However, the significance of transmembrane fluxes of NH3 in plant cells exposed to solutions in which NH4' predominates over NH3, as occurs under normal physiological' conditions, is unclear (cf. refs. 6, 10, 12, 13, 16 
MATERIALS AND METHODS
Maize (Zea mays L.; Funk hybrid 4323 from Germain's Seeds, Los Angeles, CA) root tips were harvested and treated as described previously (19) . Tissue samples were initially perfused with 100 mL of oxygenated medium that was recirculated for 3 h at 10 mL/min ('pretreatment'). 31P and 13C NMR spectra were obtained using a General Electric GN500 spectrometer as described previously (1) . Cytoplasmic and vacuolar pH were measured using 31P NMR, which is most accurate for cytoplasmic pH measurements (17) ; only the large vacuolar pH changes that occur at high extracellular NH4+ were detectable by 31P NMR (data not shown; cf. ref. 13 ), because of the insensitivity of 31Pi chemical shifts at pH values below 6 (20) . 13C NMR spectra of '3C-labeled malate were used to obtain sensitive measurements of vacuolar pH (1, 18, 26) .
At the end of NMR experiments, samples were frozen in liquid nitrogen. Low mol wt metabolites were extracted with 5% HCl04 and then centrifuged and neutralized with KOH. '3C NMR analysis in vivo (cf. ref. 19 ) and of corresponding tissue extracts indicated no significant breakdown of amino acids (e.g. Gln) during or subsequent to extraction (data not shown). Ammonium in extracts was measured using an NH3 electrode (Orion Research, Boston, MA) according to the manufacturer's directions.
RESULTS AND DISCUSSION
Exposure of oxygenated maize root tips to millimnolar concentrations of NH4' (external pH 7) leads to an increase in vacuolar pH, as determined using 13C NMR spectroscopy ( Fig. 1 (13) . The value of the 13C NMR method used here is that it provides greater time resolution than the 5,5-dimethyloxazolidine-2,4-dione method and greater sensitivity to vacuolar pH changes than the 31P NMR method (see 'Materials and Methods'). In vivo, 31P NMR spectroscopy indicated no significant effects of NH4+ treatments on cytoplasmic pH (Table I) .
The NH44-induced vacuolar pH changes occur quickly, being greatest 30 to 60 min after addition of 5 mm NH44;
thereafter, partial recovery of vacuolar pH to more acidic values is apparent (Fig. 2) . This partial recovery is not due to depletion of exogenous NH44, which was insignificant in the experiment in Figure 2 (data not shown). The recovery may be due to activation of proton pumps on the tonoplast membrane in response to the decreased proton electrochemical gradient between cytoplasm and vacuole, as has been described for tonoplast H+-ATPase activity in vitro using ionophores (28 Root tips were perfused for 3 h with 100 mL of oxygenated 50 mm glucose for 3 h, then ammonium sulfate was added to give the indicated concentration, and perfusion was continued for 3 h, at which time the tissue was frozen and extracted. Intracellular pH measurements were made during the last 30 min of perfusion. Intracellular ammonium was measured in cell extracts. Table I . Fourth, incorporation of cytoplasmic NH4' into amino acids will tend to lower the concentration of cytoplasmic NH4' below the estimates given in Table I .
The results and analysis presented here may be useful in accounting for uncertainties about the pathway for NH4' assimilation in higher plants (9, 14) . Results of in vivo experiments have tended to support the view that GS is primarily responsible for NH4' assimilation (9, 11, 22) , whereas in vitro mitochondrial GDH catalyzes NH4' assimilation in the presence of millimolar amounts of NH4' (31, 32) . The estimated cytoplasmic NH4' concentrations of approximately 10 uM in Table I contrast to the much lower concentrations estimated here. This discrepancy may be due to mixing of the mitochondria with large pools of vacuolar NH4' during extraction in the earlier study (31) .
Our results also suggest a mechanism for NH4' toxicity in plants, viz. vacuolar alkalinization. The increase in vacuolar pH at high extracellular NH4' could be deleterious in two ways. First, accumulation of many metabolites and inorganic ions is driven by the proton motive force across the tonoplast (5); therefore, a collapse in the pH gradient between cytoplasm and vacuole will inhibit accumulation of metabolites in vacuoles and perturb cytoplasmic levels of these species. Second, movement of NH3 into vacuoles will undermine the action of tonoplast proton pumps (28) . This could increase intracellular ATP consumption by stimulating H+-ATPase activity, as has been observed in vitro using tonoplast vesicles and ionophores (28) .
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